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Chipping away at the mystery of
drug responses
JC Rockett
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DNA arrays can be used to discrimi-
nate closely related genes and provide
a facile overview of gene expression
responses relevant to drug metabolism
and toxicology.

The figures are startling—in the
United States alone, more than
100 000 die every year from the side
effects of properly prescribed medi-
cines, and a further two million
develop serious side effects.1 The new
shield to be hefted against such col-
lateral damage is genomics. One of the
most widely touted suitors for genom-
ics has been pharmacology, where it
has been welcomed as a tool to
reprieve the increasingly costly process
of bringing new drugs to market and
remove some of the guesswork from
drug prescription. Indeed, it is widely
believed that pharmacogenomics, the
hybrid offspring of the two disciplines,
will in time lead to the holy grail of
medicine—the treatment of patients
on a case-by-case basis, utilizing their
genotype as a means to predict which
drugs will be effective and which will
produce adverse outcomes. Adverse
outcomes are frequently attributed to
genetic variability. In some cases,
drugs have no effect because patients
carry out ultra-rapid clearance as a
result of amplification of the genes
that metabolize them. In contrast,
toxic side-effects are usually con-
sidered a result of sub- or non-func-
tional genes which are unable to meta-
bolize certain drugs, a situation often
linked to the possession of certain
gene polymorphisms.

With many genome projects com-
pleted and more soon to follow, focus

is beginning to shift from gene dis-
covery to the more complex arena of
gene expression and function. In an
article recently published in Physiologi-
cal Genomics by Gerhold et al,2 the
authors confirm what many in the
field already ‘knew’, or at least strongly
suspected—that DNA arrays are indeed
useful tools for characterizing gene
expression changes induced by drugs,
and that these changes are distinct
enough to differentiate between drug
classes. The study is not terribly
unique in that others have already
used arrays to detect cytochrome P450
(CYP) genes,3 confirmed gene changes
detected by Affymetrix microarrays4

and conducted proof-of-principle
studies on the ability of arrays to dis-
criminate between different drug and
chemical responses.5–9 Nevertheless,
Gerhold’s experiments were carried
out using well-characterized, mechan-
istically distinct model compounds
(3-methylcholanthrene, clofibrate,
dexamethasone and phenobarbitol) in
a classic exposure model (in vivo rat
liver), and the reported findings are
well supported by the literature. The
genes with altered expression included
all the usual suspects (CYPs, gluta-
thione S-transferases, UDP-glucuronyl
transferases etc), and thus provide
further evidence for pharmacologists
that arrays can indeed ‘provide a facile
overview of gene expression responses
relevant to drug metabolism and toxi-
cology’. And, whilst the primary aim
of the Gerhold study was to investi-
gate the feasibility of using array tech-
nology to speed up the drug candidate

selection process, several other aspects
of the work are worthy of further com-
ment from a pharmacogenomic per-
spective.

At the heart of array technology are
the genes that make up the array. The
right genes must be selected to answer
the question being asked. Though
many researchers who have crafted
purpose-specific arrays might argue
otherwise, gene selection for such
arrays is still a somewhat arbitrary pro-
cess, being biased by the knowledge
(or lack thereof) of the developers, and
restricted by the incomplete pool of
known genes and a lack of under-
standing of their functional profile.
Until cellular signaling pathways lead-
ing to toxicity are thoroughly charac-
terized and the key genes in drug
response pathways identified, it will
always be a shot in the dark, or at least
the gloom, to develop a chip for all
seasons. Thus, although the so-called
‘Drug Safety Chip’ may represent
Merck’s current best shot, more appro-
priate gene sets will undoubtedly be
deposited in subsequent iterations of
their chip (and similar ones developed
by companies such as Phase-1
Toxicology9) as new genes are charac-
terized and toxic mechanisms eluci-
dated.

Gerhold et al chose to use steady
state dose models with their selected
drugs. This approach is reasonable in a
proof-of-concept study, where the aim
is simply to differentiate drug
responses at the RNA expression level.
However, applied pharmacogenomics
requires some kind of toxicological or
pharmacological endpoint to compare
with the expression profiles, so that a
prognostic or diagnostic relationship
can be established between them. Ide-
ally, expression patterns generated by
‘no observed adverse effect level’
(NOAEL), ‘lowest observed adverse
effect level’ (LOAEL) and LD50 doses
should be compared to deduce if dif-
ferent genes and pathways are acti-
vated at the non-toxic, toxic and
lethal doses which cause, or are corre-
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lated with, observed effects. Interani-
mal variation is an important con-
sideration in the selection of such dose
levels. Preliminary studies by the
authors indicated that interanimal
variation exceeded experimental vari-
ation, and this was used to support
pooling of samples for further analysis.
Although this approach may be appli-
cable for mechanistic studies, there
would appear to be less value from the
pharmacogenomic standpoint. Indi-
vidual variation, which exists even in
inbred strains, lies at the very heart of
pharmacogenomics, and should be
embraced rather than smoothed away.
Interestingly, the authors also pointed
out that some genes were hypervari-
able among individual animals. Poss-
ible reasons for this were not offered,
but are most likely caused by polymor-
phisms in the gene regulatory regions.
One of the challenges for pharmaco-
genomics, therefore, is to identify and
characterize the source of such differ-
ences and how they relate to drug
metabolism.

The most common polymorphism is
the single nucleotide polymorphism
(SNP), and it has been estimated that
there may be as many as 200–300 000
of them in the protein coding
sequences of the human population. A
large school of thought supports the
contention that characterizing these
SNPs is the key to deciphering the gen-
etic basis of complex disease. However,
a more realistic first step for pharmaco-
genomics is to properly decipher drug
response at the gene level. For
example, the CYP family of genes is of
central importance in drug meta-
bolism, and several members have
gene sequences over 90% homolo-
gous. Furthermore, many of the CYP
genes have multiple allelic variants
that are responsible for a high pro-
portion of observed variations in drug
response. It is therefore a significant
challenge to characterize which of
these genes and alleles are regulated in
response to specific drug exposures.
RT-PCR is probably the best current
method for discriminating the
expression of such drug metabolizing
genes, as it provides both quantitative
expression data and can differentiate
allelic variants.10 Unfortunately, RT-

The Pharmacogenomics Journal

PCR is a relatively low-throughput
technology and researchers are seeking
ways to replace it with higher through-
put microarrays. However, there is
concern that the widely used cDNA
arrays are unable to discriminate such
closely related genes. There is a move,
therefore, towards arrays composed of
short (50–80 base) oligonucleotides.
These can, with careful selection, be
constructed from unique regions of
the chosen genes to theoretically pro-
vide good discriminatory power. How-
ever, since the overall efficacy of this
length of probe is still under scrutiny,
the Affymetrix platform of multiple,
short oligonucleotides per gene
remains the current gold standard.
Gerhold’s paper demonstrates the
ability of Affymetrix chips to dis-
tinguish members of the CYP family
with �90% sequence homology. This
kind of resolving power will be hard to
beat without a jump in technology,
and may permit Affymetrix to develop
a very firm grip on this area of the
market.

Those working with arrays learn
quickly that deciphering the data is
the key to the treasures that lie hidden
within, and that the key is hard to
turn. Not surprisingly then, these
industrially based researchers took the
logical step of designing a custom dat-
abase to hold and mine their data.
This is all well and good for private
companies with proprietary concerns,
but raises the wider issue of just how
much useful information remains
locked up in the archives of such priv-
ate entities, untapped by their curators
because of lack of knowledge or inter-
est. The development of a national or
international gene expression database
is currently a difficult prospect due to
such factors as lack of cross-platform
concordance, the disarrayed state of
gene nomenclature and annotation,
and a jealous desire to guard data from
competitors. However, it can be
argued that it would be in the best
interests of medical research for gene
expression laboratories to pool data in
a central database(s), perhaps after
they have extracted information that
interests them. In this vein, the Euro-
pean Bioinformatics Institute has set
up the Microarray Gene Expression

Database group,11,12 a cross-organiza-
tion entity whose goal is ‘to facilitate
the establishing of gene expression
data repositories, comparability of
gene expression data from different
sources and interoperability of differ-
ent gene expression databases and
data analysis software’. It should also
be of no surprise if pharmaceutical
companies soon start scrambling to
form strategic alliances with one
another in order to reduce experi-
mental costs and mine the untapped
wealth of one another’s data.

Although achieving the goal of
using gene expression profiles for
rapid and early screening of new drugs
is still a little way off, the data pro-
vided by Gerhold et al and others like
it is clearly encouraging, and indicates
that the time when this approach will
be used routinely to aid in drug devel-
opment is not that far away.
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We have come a long way since the
days of Northern blots. With the com-
pletion, or near completion, of mul-
tiple genome sequencing projects,
DNA microarray technology is emerg-
ing as an extremely powerful and fun-
damental tool that can be used to
explore genetic and molecular path-
ways associated with disease and other
cellular processes.1,2 Translation of this
information to the clinical arena will
result in improvements in patient
diagnostics and treatments.3–5 The
application of array technology to bio-
logical questions is quickly trans-
forming scientific paradigm, from one
that formerly centered on the analysis
of a relatively few biological measure-
ments to one that supports the simul-
taneous exploration of thousands of
events. While array technology is a
powerful tool for both researchers and
clinicians, its utility is hindered by the
expense of, and difficulties associated
with, custom modification of the
arrays. In a recent article published in
Nature Biotechnology, Hughes et al
describe the adaptation of ink-jet tech-
nology for the in situ synthesis of small
quantities of unique 60-mer oligonu-
cleotides directly onto glass slides.6

This ‘second generation’ ink-jet oli-
gonucleotide synthesizer is based on
the approach described by Blanchard
et al.7 It will greatly facilitate array
modification by eliminating the time
necessary for large-scale cDNA or oli-
gonucleotide synthesis, reorganization
of microtiter dishes, re-spotting of the
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DNA elements, or the generation of
new photolithographic masks. With
this new application of ink-jet tech-
nology, small quantities of oligonucle-
otides, specified by the user, can be
synthesized directly onto the array.
This permits a rapid customization
that can meet the widely varying
needs of investigators.

The prototypic microarray contains
thousands of DNA elements (cDNAs or
oligonucleotides) that are spotted or
synthesized onto a solid substrate.8

These DNA elements correspond to
the sequence of known genes (or pre-
dicted genes) identified through the
efforts of the genome projects.
Microarrays are typically constructed
using two different approaches. The
first approach was described by Pat
Brown of Stanford University and
involves mechanical spotting of cDNA
fragments or oligonucleotides (60 to
70-mers) onto a solid substrate.9 Depo-
sition of the DNA is accomplished
using robotics equipped with
micropins or by ink-jet print heads;
small volumes are transferred from
microtiter wells to the surface of the
slide.10 While researchers using this
‘spotting’ approach are able to cus-
tomize the array format in order
to meet the laboratories’ needs,
this modification is cumbersome
and requires continuous, large-scale
production of new reagents
(oligonucleotide synthesis or PCR
amplification), the generation of new
stock titer plates, and respotting.
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The second approach, described by
Fodor et al, and commercialized by
Affymetrix, Inc, utilizes oligonucleo-
tides (generally 25-mers) that are syn-
thesized in situ onto a glass wafer via a
photolithographic activation and
masking process.11,12 A stepwise series
of nucleotide additions and light
directed deprotection and chemical
linking steps stipulate where a specific
nucleotide is to be added on the grow-
ing oligonucleotide chain. Thus, in
contrast to the rapid ink-jet mediated
synthesis approach that requires a sig-
nal step to add each base to the grow-
ing oligonucleotide, the Affymetrix-
based GeneChip photolithographic
method requires four successive cycles
(for each of the four possible
nucleotides) to add each base to the
oligonucleotide. The photolithographic
process utilized by Affymetrix Inc does
allow construction of very high-den-
sity oligonucleotide arrays containing
spots as small as five microns. A major
quandary with the Affymetrix-based
technology is that each array requires
a new set of unique photolithographic
masks to define the specific areas on
the array where an additional mono-
mer is to be added. Thus, an array con-
taining 60-mers would require 240
unique masks. While the Affymetrix-
based technology is powerful and
sophisticated, the format is not easily
customized without incurring signifi-
cant cost. This is due to the necessity
to generate a large number of photo-
lithographic masks and the extra time
that it takes to synthesize the new oli-
gonucleotides.

The approach utilized by Hughes et
al6 is a modification of an existing
methodology described by Blanchard
et al7 and Southern et al.13 The studies
conducted by Southern et al in 1994
relied on small mechanical seals to
define the site of oligonucleotide syn-
thesis. While their data established the
feasibility of miniaturizing the in situ


